The structural build-up of cementitious paste with nano-Fe 3 O 4 under time-varying magnetic fields was experimentally investigated using small amplitude oscillatory shear (SAOS) technique. Several modes of magnetic fields, such as constant, sudden-changed and linearly-changed, were applied to the cementitious paste. Results showed that the structural build-up of the cementitious paste depended on the magnetizing time and magnetic field strength. Applying constant magnetic fields improved the liquid-like behavior during first minutes and afterwards the solid-like property was enhanced. Both the sudden-increased and sudden-decreased magnetic fields resulted in a sharp decrease in storage modulus. The linearly increasing magnetic field resulted in a slight increase in storage modulus but higher liquid-like behavior. When the magnetic field was linearly decreased from 0.5 T to approx. 0.25 T, the structural build-up was enhanced significantly, and with the continuously decreasing magnetic field from approx. 0.25 T to 0 T, a decrease in storage modulus was observed.
Introduction
The cement production of the European Union in 2016 increased to 169.1 million tons, ranking third behind China and India, according to the activity report (2017) published by the European Cement Association (CEMBUREAU). It can be easily forecast that cement and concrete will remain among the most commonly-used civil engineering materials in infrastructure construction in the next few decades. In order to reduce the production cost of cement and concrete, preference is given to local raw materials, which to a certain extent limits the selection of excellent materials. Consequently, a large number of mixture design methods are proposed to optimize concrete properties to meet requirements for construction [1, 2] . Furthermore, construction processes play an important role in the quality control of concrete. As is well known, the engineering application processes of concrete include transporting, pumping and formwork casting. Each process is a significant factor influencing the properties of fresh and hardened concrete. However, for the same concrete mixture proportion, once the concrete is prepared, its properties become hard to be controlled to a certain extent. In this case, this concrete will be transported and pumped according to its original properties, and the construction techniques will become the main barrier to improve the robustness of concrete. More attention should be paid to improvement of construction techniques.
With the widespread use of mineral additions and chemical admixtures, self-compacting concrete (SCC) with low energy consumption and obsolete vibration is developing rapidly. However, the practical engineering applications of SCC are still unsatisfying, due to the limitation of traditional production processes. Take the pumping operation as an example, it has become an indispensable part of construction process of concrete, especially for SCC and high-performance concrete (HPC). Although many researchers have focused on the characterization of flow regime inside the pipe and the prediction of pumping pressure [3] [4] [5] , there are still some challenges in the pumping operations, such as the sensitivity of human factors, impacts of bends and reducers, aggregate segregation and blocking, and the changes of rheological properties [6, 7] . Furthermore, many conflicts and contradictions in requirements of fresh concrete performances exist in different operation processes. For example, lower thixotropic structural build-up is needed to overcome the major problem in resuming pumping operations if a short interruption is experienced (such as the delay of concrete truck) [8] and improve the interface properties during multi-casting process [9] . By contrast, higher structuration rate of fresh concrete is beneficial for reducing formwork pressure at the casting process [10, 11] . Thus, advanced casting techniques should be proposed to satisfy future challenges. In this context, an innovative casting concept "SmartCast" has been proposed by De Schutter [12, 13] to overcome aforementioned problems. By actively controlling the rheology and stiffness, the structuration rate of fresh concrete could be adjusted artificially according to the requirements at different operation processes for the same concrete mixture, which could make the pumping and casting processes smarter and more reliable.
Magnetorheological (MR) fluids, first introduced by Rebinow [14] , are kinds of smart materials, whose rheological behavior could be controlled by applying external magnetic fields. MR fluids are complex suspensions composed of magnetic particles and carrier fluid (Newtonian fluid). In the presence of magnetic field, the magnetic particles align along the direction of the magnetic field and chain-like or columnar structures are formed, resulting in higher elastic behavior of the suspension [15, 16] . After removing the external magnetic fields, the chain-like structure breaks down and the MR fluids reversibly change from semi-solid state to liquid state. Based on the excellent characteristics (rapid, reversible and magnetic-controllable, etc.), MR fluids have been successfully applied in devices such as dampers, valves and brakes [16] . However, due to a big difference in density between magneto particles and carrier fluid, the sedimentation is the greatest challenge for widespread use of conventional MF fluids in industrial applications. Many stabilization methods, such as coating particles, adding chemical additives and using yield-stress fluid as carrier, have been proposed to improve the stability of MR fluids. Fresh cementitious paste is usually regarded as a concentrated suspension with yield stress [17] [18] [19] . A stable MR fluid could be obtained when using fresh cementitious paste as the carrier fluid. Conversely, the rheology and stiffness of cementitious paste containing magnetic particles would become controllable.
Portland cement is a kind of cementitious material composed of C 3 S, C 2 S, C 3 A and C 4 AF. In the phases of C 3 A and C 4 AF, there exist rich impurity iron and Fe 2 O 3 . The Fe 2 O 3 compound has a strong tendency to dissociate into Fe 2+ and Fe 3+ [20] . After water is in contact with cement particles, the C 3 A and C 4 AF start to hydrate with gypsum to form ettringite. During these hydration processes, the dissolution concentrations of iron increase, resulting in cement paste exhibiting a slight magnetic behavior [21] . Nair and Ferron [22] pointed out that the saturation magnetization value of Portland cement with Fe 2 O 3 content of 2.7% is 0.7 emu/cm −3 , which is far less than that of carbonyl iron powder (1700 emu/cm −3 ). As a result, under extremely low shear strain, the rheological properties such as storage modulus and static yield stress of pure Portland cement paste only showed a limited change under external magnetic fields. Thus, magnetic particles should be added into the cement paste in view of controlling the rheological behavior of cementitious paste by applying external magnetic fields. Nair and Ferron [22, 23] investigated the magnetorheological behavior of cement-based materials containing carbonyl iron powder from a longterm view. It is found that the magnetorheological behavior of cementitious paste was correlated to the external magnetic fields and the concentrations of carbonyl iron powder. The rheological properties of cementitious paste did exhibit field sensitivity with the magnetic field which was step-wise varied. However, the early structural evolution of cementitious paste is still unclear right after applying external magnetic fields. In order to achieve the goal of actively triggering the rheology and stiffness of fresh concrete, it is necessary to comprehensively understand the magnetorheological behavior of cementitious paste under the application of magnetic fields.
Ferroferric oxide (Fe 3 O 4 ) is a ferromagnetic material with Fe 2+ and Fe 3+ , and the addition of nano-Fe 3 O 4 accelerates the chemical hydration [24] , increases the compressive strength [25, 26] and reduces the water adsorption as well as the chloride penetration [27] . The magneto dipoles in the ferroferric oxide could be aligned along the external magnetic fields. Thus, it is reasonable and feasible to regulate and control the rheological behavior of cementitious paste by applying external magnetic fields. In the present study, the structural build-up of cementitious paste containing nano-Fe 3 O 4 was experimentally investigated under time-varying magnetic fields. The time-sweep test with low shear strain within the linear viscoelastic region was conducted to characterize the structural build-up of cementitious paste. Several modes of magnetic fields, such as constant, sudden-changed and linearly-changed, were separately applied to the cementitious paste. This study provides some preliminary concepts that will contribute to actively controlling the rheology and stiffness of fresh concrete.
Experimental program
2.1. Raw materials and mixture proportions CEM I 42.5 Portland cement (OPC) conforming to EN 196-1 [28] was used in this study. The Blaine fineness is 279.5 m 2 /kg and the chemical composition is shown in Table 1 . Spherical Iron Oxide Fe 3 O 4 Nanoparticles with Fe 3 O 4 purity higher than 98% (from US Research Nanomaterials, Inc) were used as nano fillers. The average particle size and density of nano-Fe 3 O 4 are 20-30 nm and 4.95 g/cm 3 , respectively. All samples were prepared using de-ionized water. The water-to-cement (w/c) mass ratio of cement paste medium was 0.4. The content of nano-Fe 3 O 4 was fixed at 5% by the mass of cement paste.
Mixing procedure
The cementitious pastes were mixed using a rotational rheometer with a helix geometry. The geometric parameters of the helix rotator are shown in Fig. 1 . The advantage of this mixer is the low volume of applicable material, which is not the case for the commonly-used blender. The mixing procedure was set as follows: The mixed cement and nano-Fe 3 O 4 were first added into the container with diameter of 28 mm and height of 70 mm. Afterwards, all of the water was poured into the container and then the helix geometry was gradually lowered into the sample at descending and rotational speed of 1 mm/s and 1000 min −1 , respectively. After that, the shear rate was gradually increased from 0 to 3000 min −1 within 30 s, and then kept mixing for 120 s at rotational speed of 3000 min −1 . About 15 ml of paste was prepared for each batch. The measured shear stress of cementitious pastes (w/c = 0.4, 5% nano-Fe 3 O 4 ) during mixing is depicted in Fig. 2 . It can be observed that the mixing procedure used in this study provided repeatable initial state of paste samples for the same mixture proportion.
Testing methods
The structural evolution of cementitious paste was characterized by storage modulus and phase angle, obtained from small amplitude oscillatory shear (SAOS) test using a rotational parallel plate rheometer (MCR 102, Anton Paar, Austria). The disc diameter is 20 mm and the gap between the upper and lower plates is fixed at 1 mm. During the rheological tests, the temperature was controlled at 20 ± 0.5°C. To determine the linear viscoelastic region, strain-sweep test with strain amplitude from 0.0001% to 10% and constant frequency of 2 Hz was first conducted in the absence of magnetic fields, as shown in Fig. 3 . It can be observed that the critical strain amplitude of cementitious pastes was about 0.004%, which was consistent with the order of 10 −5 obtained in [29, 30] . Thus, the strain amplitude of 0.001% was selected in the time-sweep measurement. After the sample was prepared, it was poured into the rheometer. To obtain a repeatable state and eliminate the possible influences during gap positioning, the sample was first pre-sheared at rotational speed of 100 s −1 for 30 s. Afterwards, the time-sweep test was immediately carried out for 15 min under given magnetic fields. Further details about the magnetic field modes will be stated in next sections. The data is recorded every second. After the test, the cementitious pastes between the plates were examined, and no obvious bleeding and agglomeration were observed. To ensure the repeatability, three rheological reproducible tests on three alternative samples were conducted. magnetic field of 0 T was also presented as a reference (Ref). The storage modulus of the reference cement paste gradually increased and the phase angle gradually decreased with resting time. The results are in agreement with those shown in Refs. [31] [32] [33] . Indeed, in the paste suspension, there exist Brownian forces, inter-particle interaction forces (such as electrostatic or steric repulsion and van der Waals forces), hydrodynamic force, gravitational and inertial forces. Compared to the strong inter-particle interaction forces, the Brownian motion and inertial forces can be neglected [30, 34] . At rest, on one side, colloidal interactions due to the van der Waals attractive forces lead to formation of flocculated structures. On the other side, C-S-H links and bridges between cement particles are enhanced with progress of cement hydration. As a result, the rigidity and stiffness of cement paste suspensions are consolidated, exhibiting a gradual increase in storage modulus and reduction in phase angle. With the elapses of resting time, the storage modulus reached a steady increase and the phase angle also gradually stabilized, reflecting the transition from viscous behavior to elastic behavior. The time when the phase angle starts to stabilize or the storage modulus starts to increase steadily is defined as percolation time, which can be used to describe the time for colloidal particles to reach their equilibrium positions [29] . The percolation time can be quantitatively obtained from decreasing rate of phase angle. Take cementitious paste without magnetic field as an example, the decreasing rate of phase angle were around 1.12°/s and 0.03°/s in magnetization time of 5-30 s and 30-100 s, respectively. Therefore, the percolation time can be regarded as approx. 30 s. It should be noted that the percolation time of reference cement paste was difficult to be determined from the storage modulus and the phase angle, which can be attributed to higher liquid-like property compared to cementitious paste containing nanoparticles. The addition of 5% nano-Fe 3 O 4 significantly increased the storage modulus and resulted in more elastic behavior. This result is consistent with the conclusion reached by Nair and Ferron [22] , which showed that the incorporation of 4% carbonyl iron powder significantly increased the storage modulus of cementitious paste. This can be explained by the increase of volume content of solid particles. After adding nanoparticles into cement paste medium, the average distance between particles dramatically decreases and therefore the magnitude of van der Waal forces increases. Consequently, the strength of flocculated structure is improved. As well, the addition of nanoparticles results in higher inter-particle contacts and increases the friction between particles due to the micro-filling effect. Furthermore, the reduction in free water and the strong tendency to agglomerate are also responsible for the increase in rigidity, because of the high specific surface area and high magnetic properties of nano-Fe 3 O 4 [35] . The application of external constant magnetic fields increased the percolation time (for instance,~30 s and~150 s for magnetic fields of 0 T and 0.5 T, respectively) and storage modulus at steady state. As well, after magnetization for about 200 s, the growth rate (slope) of storage modulus is similar for different strengths of constant magnetic fields. This is explained by the fact that the rigidity of cementitious paste with 5% nano-Fe 3 O 4 under the action of constant magnetic fields was related to the magnetic field strength. It is worth mentioning that the magnetizing effect of water was not considered in this study. Su and Wu [36, 37] found that the flowability of fresh mortar with magnetizing water treated under 0.6 T was only increased from 180 mm to 189 mm. Thus, the possible breakdown of hydrogen bonding and water clusters in the cementitious paste was negligible compared to the magnetodynamic forces between magnetic particles.
Results and discussion

Constant magnetic fields
It can be seen that higher magnetic field strength resulted in higher storage modulus and lower phase angle, i.e. higher elastic behavior. On one hand, the amount of magnetic nanoparticles that formed chains increased with the magnetic field strength. On the other hand, the bonding between magnetic nanoparticles increased with the magnetodynamic forces. Thus, higher solid-like behavior was observed at higher magnetic field strength. Once the chain-like structure formed, the storage modulus increases due to the colloidal interactions between particles. However, the storage modulus and phase angle at the beginning after applied constant magnetic fields exhibited an opposite behavior, as shown in Figs. 4(a-b) . More specifically, the structural build-up rates at the beginning of applied magnetic fields, if defined by the growth rate of storage modulus from 5 s to 10 s, were 24.8, 15.2 and 6.8 kPa/s for the magnetic field strength of 0 T, 0.25 T and 0.5 T, respectively. This means that the applications of constant magnetic fields resulted in more liquid-like property at early age. This behavior paradox will be explained in the coming sections.
Sudden-changed magnetic fields
To understand the effects of external magnetic fields on the structural evolution thoroughly and systematically, three modes of suddenchanged magnetic fields were separately applied to the fresh cementitious paste. The application modes of magnetic fields are presented in Table 2 . Fig. 5 presents the evolution of storage modulus of cementitious paste (w/c = 0.4 and 5% nano-Fe 3 O 4 ) under sudden-increased magnetic fields (modes I and II). When the magnetic field strength raised from zero to higher value (0.25 T or 0.5 T), the storage modulus experienced an abrupt decrease to a value close to that of reference cement paste (without nanoparticles and without magnetic field). This means that the structure of cementitious paste was disrupted. Afterwards, a marked increase in storage modulus was observed, indicating higher structural build-up with resting time. A similar phenomenon was also observed by Nair and Ferron [23] but no further explanation was given. This behavior obtained in our results can be explained by the distributions of nano-Fe 3 O 4 particles in the cement paste matrix. In the absence of magnetic fields, the nano-Fe 3 O 4 particles were randomly distributed, as illustrated in Fig. 6(a) . After application of external magnetic fields, the magnetic dipoles in the nano-Fe 3 O 4 will move to be aligned along the direction of magnetic field in a short time, as shown in Fig. 6(b) . During their displacement to form a chain-like structure, the nanoparticles create a sort of mechanical agitation, and then the C-S-H bridges and flocculated networks between cement particles are destroyed. Furthermore, the entrained water in the agglomerated nanoparticle clusters is released, which increases the water film thickness and free water content. Thus, the cement particles transform from flocculated state to a more dispersed state. This explains the sharp 
Sudden-increased magnetic fields
Table 2
Application modes of sudden-changed magnetic fields. decline in storage modulus. After the chain-like structure is formed, the particles will interact again at rest and the storage modulus exhibits an increase. With the increase of magnetic field strength, the chain-like structure evolved into stronger columns-like structure, which should be responsible for the increase in storage modulus at high magnetic field strength.
The sharp decrease in storage modulus in mode I -at 600 s -when increasing the magnetic fields from 0.25 T to 0.5 T is explained by the fact that when the strength of magnetic field increases, the nanoparticles which were already in the chain-like structure will agitate and redistribute to form stronger chains or clusters. This movement will break down the links between clogged particles and lead to a decrease in storage modulus. Another explanation could be that the magnetic field of 0.25 T is not strong enough to insert all the nanoparticles in the chain-like structure. Thus, some particles will remain in the cement paste matrix. When the magnetic fields increase to 0.5 T, the remaining nanoparticles will contribute to the formation of the chains or clusters. Their movement leads to a decrease in the storage modulus of cementitious paste. From Fig. 5 , it can also be seen that the abrupt decrease in storage modulus at 600 s (0.25 T to 0.5 T) was larger than that at 300 s (from 0 T to 0.25 T), indicating a higher breakdown of C-S-H networks when changing the magnetic field to a higher value. However, a higher storage modulus was still observed at 600 s. This behavior is possibly due to connections between particles in the cement paste medium strengthened with the elapsed time. Fig. 7 shows structural evolution of cementitious paste under the external magnetic fields with mode III (sudden-decreased magnetic fields). It can be seen that the storage modulus exhibited a drop decrease when the magnetic fields changed from high to low strength value. This expected decrease indicated that the sudden decreasing magnetic fields resulted in higher liquid-like property. Similar to thixotropy, the magnetic field-induced behavior is also reversible [16] . On one hand, the magnetic forces on nano-Fe 3 O 4 particles decreased with the decrease of magnetic field strength, resulting in the disintegration of parts of column-like structure. On the other hand, the Brownian motion and electrostatic forces between solid particles gradually increased, and thus the reduction in storage modulus was observed. Comparing with the cementitious paste under constant magnetic fields, the slope of storage modulus with time was slightly higher for the cementitious paste after experiencing the decrease of magnetic field from high to lower value. For example, the storage modulus when the magnetic field decreased from 0.25 T to 0 T (i.e. t = 600 s) was almost similar to that obtained under constant magnetic field of 0 T. However, the difference in storage modulus between these two modes (black and green lines) was about 150 kPa at 900 s. This phenomenon can be explained by the magnetic properties of nano-Fe 3 O 4 particles. After the magnetic field is removed, there exist residual chain-like structures formed at high magnetic fields, as shown in Fig. 6(c) . As a result, the interactions between particles are enhanced. Thus, a higher growth rate of storage modulus was obtained for the cementitious paste after experiencing the changing magnetic field from high to zero.
Sudden-decreased magnetic fields
Linearly-changed magnetic fields
From the above results, it can be concluded that both the suddenincreased and sudden-decreased magnetic fields resulted in a sharp decrease in storage modulus. In this section, the influences of linearlychanged magnetic fields on the structural evolution of cementitious paste were evaluated, as shown in Fig. 8 . With the linearly increasing magnetic field from 0 T to 0.5 T, the storage modulus increased slowly but a significant increase in phase angle was observed. This means that the linearly increasing magnetic field led to more viscous behavior. As mentioned before, the chain-like structure can be formed within a very short time under external magnetic fields. Indeed, the internal structure (flocculated and field-induced) formation and the magnetic nanoparticles movement are both existed simultaneously under external magnetic fields, as presented in Fig. 9 . When the magnetic field linearly increased, on one hand, the movement of magnetic nanoparticles destroyed the connections between particles and promoted the cement particles to arrange orderly, which significantly improved the viscous behavior of cementitious paste. On the other hand, the magnetic nanoparticles gradually assembled along the direction of the magnetic field, which increased the capacity of stored energy (i.e. elastic behavior). During the linearly increasing magnetic field from 0 T to 0.5 T, the hydrodynamic and magnetodynamic forces dominated the attractive forces. In other words, the structural breakdown dominated the structural build-up, and therefore, an increase in phase angle was observed. At the time when the magnetic flux density was 0.5 T, the amount of magnetic nanoparticles used to form chain-like structure reached a maximum, and some part of nanoparticles might still contribute to the interstitial particle volume and not have reached the chain-like structure.
With the linearly decreasing magnetic field, it is expected that the storage modulus will decrease. However, Fig. 8(a) shows an increase in the storage modulus when the magnetic field linearly decreased from 0.5 T to approx. 0.25 T. This means that the structural build-up was enhanced and the nanoparticles did not exhibit agitation or movement. Indeed, the magnetic nanoparticles keep their chain-like structure during the beginning of linearly decreasing magnetic fields, because the intrinsic viscoelastic behavior of the cement paste medium [38] and the magnetic fields is not low enough to break down the structure. Thus, the chain-like structure gradually consolidated due to the interactions between particles under the high magnetic field strength (from approx. 0.25 T to 0.5 T), as illustrated in Fig. 9 . Furthermore, the magnetic nanoparticles that are free between cement particles do not need to move to form weaker chain-like structure when the magnetic field linearly decreased. In contrast, they keep their positions unchanged and enhance the inter-particle interactions. As a result, the storage modulus increased and the phase angle decreased dramatically with the linearly decreasing magnetic field from 0.5 T to approx. 0.25 T.
With the magnetic field linearly decreasing from approx. 0.25 T to 0 T, the magnetic field strength is not high enough to maintain the chain-like structure. The magnetic nanoparticles will try to redistribute and become chaotic again in the cement paste matrix. In this situation, the nanoparticles will move and agitate the cement paste matrix which leads to decrease in storage modulus. Thus, it can be concluded that the chain-like structure facilitates the interactions between the particles by increasing their contacts. But once the chain-like structure is destroyed, the movement of nanoparticles will break down the links between the particles and lead to a decrease in storage modulus. Compared to the initial value, a higher storage modulus was observed at 450 s, and the changes of storage modulus and phase angle at the second cycle were different from that at the first cycle when linearly changing the magnetic field. This indicates that the dynamic responses of cementitious paste exhibited a history dependency, which can be attributed to the differences in the structure of cement paste matrix. At the initial test, the cementitious paste was in a most de-flocculated state because of the pre-shearing process. While after the first cycle, the C-S-H networks, flocculated structure and residual field-induced chains existed in the cementitious paste. For these reasons, the magnetic nanoparticles suffer a higher movement resistance when linearly increasing the magnetic field again (i.e. Stage III). On the contrary, the magnetic nanoparticles in the surrounding residual chains could easily form column-like structure. As a result, the interactions between particles dominate the agitation effect of nanoparticle movements, and thus an increase in storage modulus was obtained at Stage III.
In order to clarify the proposed explanations, the continuous linearly-increased magnetic fields were applied to the cementitious paste and the evolution of storage modulus was recorded. As shown in Fig. 10 , the external magnetic field increased from 0 T to 0.5 T within 300 s (step I). Afterwards, step I was repeated for two times. Compared with the cementitious paste under constant 0 T, lower storage modulus was expectedly obtained for the cementitious paste under the action of linearly increasing magnetic field. It should be noted that the reduction of storage modulus under linearly increasing magnetic fields was independent of the time duration. At 300 s, the magnetic field decreased from 0.5 T to 0 T, thus, an instant drop of storage modulus was observed. According to the hypotheses proposed in Fig. 9 , the residual chains between magnetic nanoparticles would result in higher growth rate of storage modulus at step II, comparing with step I. Furthermore, when the magnetic field dropped from 0.5 T to 0 T, the storage modulus at 300 s should be slightly lower than that at 600 s due to the flocculated structure, early cement hydration and residual chains, and the growth rates of storage modulus at steps II and III should be similar because of the same mechanism of action. It can be observed from Fig. 10 that all the experimental results are consistent with the expected results.
Conclusions
In the present study, the structural evolution of cementitious pastes under time-varying magnetic fields was experimentally investigated. Based on the results and discussion, the following conclusions can be reached:
(1) The action of applying constant magnetic fields increased the percolation time and storage modulus at equilibrium state, and their changes were proportional to the magnetic field strengths. However, as the storage modulus is related to the colloidal interactions after the chain-like structure formed, the growth rate of storage modulus at equilibrium state is similar for different strengths of static magnetic fields. (2) When the magnetic fields changed from zero to a higher value, the C-S-H bridges and flocculated networks between cement particles were destroyed by the movement of nanoparticles, and the entrained water in the agglomerated nanoparticle clusters was released. With the magnetic fields changing from low (not zero) to higher value, the nanoparticles in the existing chains will redistribute and the nanoparticles remaining in the gap between cement particles start to move to form chains or clusters, resulting in the breakdown of the C-S-H links. (3) The decrease of magnetic field strength resulted in the disintegration of chain-or column-like structures, and a reduction in storage modulus was observed. After removing the magnetic fields, there exist residual chain-like structures in the cementitious paste, and thus a higher growth rate of structural build-up of cementitious paste. (4) The structural build-up of cementitious paste under the linear magnetic field sweep mode was history-dependent. With the linearly increasing magnetic field, the agitation effect of nanoparticles movement dominated the formation of field-induced structure, leading to higher liquid-like behavior. When the magnetic field linearly decreased from 0.5 T to approx. 0.25 T, the nanoparticles stopped to move and the chain-like structures are kept intact because of the viscoelastic behavior of paste suspension. In this case, the inter-particle interactions consolidated the chain-like structures. With the continuously decreasing magnetic field from approx. 0.25 T to 0 T, the chain-like structures gradually disintegrated and increased the liquid-like properties. 
